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Nonlinearity enhancement in optomechnical system
Ling Zhou,1 Jiong Cheng,1 Yan Han,1 and Weiping Zhang2
1School of physics and optoelectronic technology, Dalian University of Technology, Dalian 116024, P.R.China
2State Key Laboratory of Precision Spectroscopy, Department of Physics,
East China Normal University, Shanghai 200062, P.R. China
The nonlinearity is an important feature in the field of optomechanics. Employing atomic coher-
ence, we put forward a scheme to enhance the nonlinearity of the cavity optomechanical system.
The effective Hamiltonian is derived, which shows that the nonlinear strength can be enhanced by
increasing the number of atoms at certain range of parameters. We also numerically study the non-
linearity enhancement beyond the effective Hamiltonian. Furthermore, we investigate the potential
usage of the nonlinearity in performing quantum nondemolition (QND) measurement of the bosonic
modes. Our results show that the present system exhibits synchronization, and the nonlinear effects
provide us means in performing QND.
PACS numbers: 42.50.Pq,42.50.Dv, 37.30.+i
I. INTRODUCTION
Optomechanical system by coupling mechanical res-
onators to the fields of optical cavities can provide us
available device to observe quantum mechanical behav-
iors of macroscopic system. It has been proved that
entanglement of two resonators and of cavity and mir-
ror can be generated by radiation pressure [1–4], while
the pressure can be used to cool down the mirrors [5–
9], and the analogy electromagnetically induced trans-
parency phenomenon may happen in cavity optomechan-
ical system [10–13] and has demonstrated in experiment
[14]. In addition, optomechanical system can be used
as transducers for long-distance quantum communication
[15, 16].
On the other hand, the observation of strict quan-
tum effects in quantum optics relies on the existence of
strong nonlinear interaction between photons [17]. Un-
fortunately, photons tend to interact only weakly, thus
enhancement of photon-photon interaction at the few-
photon level is still a challenge in quantum optics. A
lot of efforts are devoted to enhance the nonlinearity of
photons [18–21]. Gong et. al. [22] has shown us that an
optomechanical system can lead to nonlinear Kerr effect,
but it is very weak ( proportion to G
2
ω2m
) because usually
the radiation pressure coupling strengthG is less than the
frequency of the oscillator ωm for weak coupling system.
Most recently, Ludwig et. al. [23] propose a scheme to
enhance cross-Kerr nonlinearity in double cavities with
membrane in the middle where the tunnel rate between
cavities weaken the negative influence of large value of
the oscillator frequency.
Optomechanics experiments are rapidly approaching
the single-photon strong-coupling regime G ≥ ωm [25].
However, for weakly driven systems [24, 25], Rabl [24] has
shown that photon blockade under single-photon strong
coupling condition is affected by G
ωm
where for G
ωm
> 12 ,
no significant further improvement of the nonlinearity is
achieved, and the nonlinear effects are suppressed by G
ωm
.
Thus, improving the nonlinearity beyond strong-coupling
means deserves our investigation. In this paper, we con-
sider weakly driven system with weak coupling G < ωm
and G2 < κωm and put forward an alternative scheme to
enhance and to modulate the photon-photon and photon-
phonon cross-Kerr nonlinearity by employing atomic co-
herence. We also show the nondemolition measurement
of phonon and photon. Comparing the scheme with [23–
25], the photon-photon and photon-phonon cross-Kerr
nonlinearities not only can be enhanced but also can be
controlled. We do not need single-photon strong coupling
condition, which means that our scheme maybe easier to
be realized.
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FIG. 1: (Color online) Sketch of the system and the atomic
configuration. Two-mode cavity fields interact with atomic
transitions |a〉 ↔ |c〉 and |a〉 ↔ |b〉 with detuning δ, while the
classical field drive the atomic level between |b〉 ↔ |c〉 with
detuning ∆.
II. MODEL AND EFFECTIVE INTERACTION
We consider atomic media trapped in a doubly reso-
nant cavity with one partially transmitting fixed mirror
and one movable mirror (see Fig. 1). The two cavity
modes with frequencies ω1 and ω2 couple to atomic tran-
sition |a〉 ↔ |c〉 and |a〉 ↔ |b〉 with the same detuning δ,
and the classical laser field with Rabi frequency Ω inter-
acts with the atoms between the transition |b〉 ↔ |c〉 with
detuning ∆. Our model is similar with quantum beat
laser [26] except with one movable mirror. The Hamilto-
nian of the hybrid system is given by
H = Haf +Hfo +Hdr.
The free energy of fields and the atoms as well as their
interaction is
Haf =
∑
j=1,2
ωj aˆ
†
j aˆj +
N∑
k=1
[
∑
i=a,b,c
Eiσˆ
(k)
ii + (1)
+(g1aˆ1σˆ
(k)
ca + g2aˆ2σˆ
(k)
ba +Ωe
−iωΩtσˆ
(k)
cb + h.c.)],
The first term describes the energy of the two cavity
modes with lowering operator aj and cavity frequency
ωj (at equilibrium position). The second term represents
the energy of the atoms and the interaction between the
atoms and the cavity fields, where σij = |i〉〈j| is the spin
operator of the atoms, gj is the coupling between the
cavity and the atoms, and Ω is the Rabi frequency of the
classical field driving the atoms between |c〉 and |b〉.
Hfo = ωmbˆ
†bˆ+G(aˆ1 + aˆ2)
†(aˆ1 + aˆ2)(bˆ+ bˆ
†), (2)
where the first term is the free energy of the mechan-
ical oscillator with frequency ωm, and the second term
represents the coupling between the non-polarized two-
mode fields and the mechanical resonator with radiation-
pressure coupling G, and the form of the coupling has
been employed to cool the mirror in [6]. We will show
that the coupling among the cavity fields and the res-
onator can enhance the nonlinearity.
Hdr =
∑
j=1,2
εj(aˆ
†
je
−iωLjt + aˆje
iωLjt) (3)
describes the two-mode cavity fields driven by weak clas-
sical fields.
Now, we switch into interaction picture rotating with
H0 =
∑
j=1,2 ωj aˆ
†
jaˆj +
∑N
k=1[
∑
i=a,b,cEiσˆ
(k)
ii + δσˆ
(k)
aa −
∆σˆ(k)cc ] where ∆ = Eb − Ec − ωΩ, δ = Ec − Ea − ω1 =
Eb − Ea − ω2. Then
Haf1 =
∑
k
[∆σˆkcc − δσˆkaa + (g1aˆ1σˆkca + g2aˆ2σˆkba
+Ωσˆkcb + h.c.)], (4)
Hfo1 = ωmbˆ
†bˆ+G(aˆ†1aˆ1+aˆ
†
2aˆ2+aˆ
†
1aˆ2e
−idt+aˆ†2aˆ1e
idt)(bˆ+bˆ†),
(5)
Hdr1 =
∑
j=1,2
εj(aˆ
†
j + aˆj), (6)
where d = ω2 − ω1 is the frequency difference between
the two cavity modes. For simplicity, we have assume
3ωj = ωLj (j = 1, 2). One can see that the Hamiltonian
(5) contains the terms aˆ†1aˆ2bˆ+h.c. and aˆ
†
2aˆ1bˆ+h.c. which
are the typically nondegenerate parametric amplification.
That means, under certain range of parameters, one can
obtain squeezed states between one of the cavity modes
and the mechanical resonator. In addition, it had been
shown in [27] that the output field exhibits squeezing for
single mode cavity optomechanics system under strong
drive condition. For the present coupling system, the
squeezing properties of the cavity fields deserve our fur-
ther investigation using linearized theory under strongly
driven condition. But, we here focus on the nonlinear-
ity enhancement and show that the form of the coupling
in (5) plays an important role for enhancement of the
nonlinearity.
Firstly, we consider large detuning condition and de-
rive the effective Hamiltonian of Haf1 (4), and the mo-
tions for the atomic operators σˆkac and σˆ
k
ab are given by
i
dσˆkac
dt
= (δ +∆)σˆkac + g1aˆ1(σˆ
k
aa − σˆkcc)− g2aˆ2σˆkbc +Ωσˆkab,
i
dσˆkab
dt
= δσˆkab − g1aˆ1σˆkcb + g2aˆ2(σˆkaa − σˆkbb) + Ωσˆkac. (7)
Under the large detuning conditions δ ≫ {g1, g2},
∆ ≫ Ω, Eq. (7) can be solved adiabatically by tak-
ing dσˆkac/dt = dσˆab/dt = 0. The adiabatic solutions of
σˆkac and σˆ
k
bc can then be substituted into the Hamiltonian
(4). The most of the atoms are in their ground state |a〉,
thus, by elimination of the atomic variables the effective
Hamiltonian describing the interaction between the two
mode fields can be written as
Haf2 = −ν1aˆ†1aˆ1 − ν2aˆ†2aˆ2
+λ(aˆ†1aˆ2 + aˆ
†
2aˆ1), (8)
where
ν1 =
2g21δN
∆˜
, ν2 =
2g22(δ +∆)N
∆˜
,
λ =
2g1g2ΩN
∆˜
,
with ∆˜ = δ(∆+δ)−Ω2. We see that an additional inter-
action term between the two-mode cavity fields is intro-
duced because of the interaction between atomic media
and the fields. As shown in Fig.1, the two-mode fields in-
teract with the atoms between the transitions |a〉 ↔ |b〉
and |a〉 ↔|c〉 (similar with V-type configuration). Even
though most of the atoms are in their ground state, the
participation of the atoms still induce a beam splitter
type interaction shown in Eq.(8). It is the term propor-
tional to the number of atoms that enhances the cross-
Kerr nonlinearity.
Although we study the large detuning case, the value
of νi and λ can be large, because it is proportional to the
number of atoms; therefore we can switch into a picture
rotating with ωmbˆ
†bˆ+ Haf2 and treat the other terms
as perturbation. In order to do that, we diagonalize the
Hamiltonian (8) by defining cˆ1 = aˆ1 cos θ + aˆ2 sin θ and
cˆ2 = aˆ1 sin θ − aˆ2 cos θ, and then we have
Haf3 = −ωc1 cˆ†1cˆ1 − ωc2 cˆ†2cˆ2, (9)
with
ωc1 = ν1 cos
2 θ + ν2 sin
2 θ − λ sin 2θ, (10)
ωc2 = ν1 sin
2 θ + ν2 cos
2 θ + λ sin 2θ,
tg2θ =
2λ
ν2 − ν1 .
Now we jointly consider Hamiltonian (5) and (9) and
switch into a picture rotating with H ′0 = ωmbˆ
†bˆ −
ωc1 cˆ
†
1cˆ1 − ωc2 cˆ†2cˆ2. Then, we use the effective Hamil-
tonian method proposed in [28] and have the effective
Hamiltonian as
Heff = η1cˆ
†
1cˆ1cˆ
†
2cˆ2 + η2(cˆ
†
1cˆ1 − cˆ†2cˆ2)bˆ†bˆ + (11)
+s[(cˆ†1cˆ1)
2 + (cˆ†2cˆ2)
2] + u1cˆ
†
1cˆ1 + u2cˆ
†
2cˆ2,
4where
η1 = v + u2 − u1, η2 = u2 − u1, (12)
v = [
ωm sin
2 2θ
ω2m − d2
− 2
ωm
]G2,
u1 =
G2 sin4 θ
ωf + d− ωm +
G2 cos4 θ
ωf − d− ωm ,
u2 = − G
2 sin4 θ
ωf + d+ ωm
− G
2 cos4 θ
ωf − d+ ωm ,
s = −[ 1
ωm
+
ωm sin
2 2θ
2ω2m − 2d2
]G2,
ωf = ωc2 − ωc1 .
The first term of the effective Hamiltonian (11) de-
scribes the cross-Kerr nonlinearity between the two cav-
ity modes, and the second term is that between one of
the cavity modes and the oscillator. The third term is
the Kerr nonlinearity of cavity fields.
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FIG. 2: (Color online) The enhancement of the strength of
the cross-Kerr and the Kerr nonlinearity. (a): η
1
(η
2
) is pro-
portional to the number of atoms where d = 200piKHz.
(b): |s| change with d for N = 350. The other parame-
ters are g1 = 20piKHz, g2 = 22piKHz, ωm = 800piKHz,
G = 20piKHz, Ω = 20piKHz, δ = ∆ = 250piKHz.
In Fig.2a, we show that the cross-Kerr nonlinearity
strength η1 and η2 increase with the increasing of the
number of atoms at certain range of parameters, which
means that the cross-nonlinearity can be enhanced by in-
creasing of the number of atoms. From the coefficients of
expression (12), we know that the reason of ηi changing
with the number of atoms lies in the frequency difference
ωf between quasi-mode ωc1 and ωc2 modulated by the
number of atoms N . Usually, it is difficult to adjust the
radiation pressure coupling G, because it is determined
by the mirror and the cavity. Therefore, to enhance the
cross-Kerr nonlinearity, we should decrease |ωf±d±ωm|.
If |ωf±d±ωm| < ωm , the nonlinearity is larger than G2ω2m
[22]. The frequency difference d between two modes and
the frequency difference ωf between quasi-mode ωc1 and
ωc2 can favor us do that. We can achieve our target by
controlling the number of atoms and keep an appropri-
ate value of d. Of course, in the above process, we should
keep {Gsin2θ,G cos2 θ} < |ωf ±d±ωm| so as to meet the
condition of effective Hamiltonian approximation. Com-
paring with [23] where the tunneling rate between two
cavities is the key factor to enhance the nonlinearity, the
modulation of the nonlinearity by adjusting the number
of atoms is easier to implement and control. Fig.2b shows
us the strength of Kerr nonlinearity |s| (in unit of Hz) as
a function of d. Although s is not influenced by N (θ has
nothing to do with N see Eq.(10)), the nonlinearity |s|
can be enhanced, because one of the denominators of s is
decreased by d while this behavior can not exist just in
single cavity optomechanical system [22]. Furthermore,
because the photon-blocked effect of the third term, it is
easy to perform QND of single photon, while this prop-
erty has no exhibition in [23].
III. THE QUANTUM-NONDEMOLITION
MEASUREMENT OF PHOTON
Cross-Kerr nonlinearity is believed as high efficiency
quantum-nondemolition measurement [29, 30]. It also
can be used to perform quantum gate [31, 32], quantum
information procession [33, 34], and entanglement gener-
ation [35–38]. As a usage of the present scheme, we now
study the QND measurement of phonon and photon.
The master equation of the system is
dρˆ
dt
= −i[HˆI , ρ] +
4∑
i=1
D[Aˆi]ρˆ, (13)
where HˆI = Hˆdr1 + Hˆaf2 + Hˆfo1, D[Aˆi] = AˆiρA
†
i −
51
2ρA
†
i Aˆi − 12 Aˆ†i Aˆiρ, Aˆ1 =
√
2κ1a1, Aˆ2 =
√
2κ2a2, Aˆ3 =
√
2γm(nth + 1)bˆ, and Aˆ4 =
√
2γmnthbˆ
†. In order to il-
lustrate the nonlinearity, we employ the Hamiltonian in
the interaction picture rather than using effective Hamil-
tonian (11). Due to the high frequency of the cavity and
the large frequency difference between the cavity fields
and the movable mirror, the environment of the cavity
fields can be treated as zero temperature while the mir-
ror should be in thermal field.
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FIG. 3: (Color online) The existence of cross-Kerr nonlinear-
ity via quadrature 〈X〉 measurement. (a): The evolution of
〈XC1〉 for initial state |0.1c1 , 1c2〉, with N = 320 (solid line)
and 400 (dashed line). (b): 〈XC1〉 and 〈XC2〉 for two initial
coherent states |0.1c1 , 0.2c2〉 (dashed)and |0.2c1 , 0.4c2 〉 (solid
line) where N = 380. The other parameters are the same
with Fig.2.
Now we first illustrate the existence of cross-Kerr non-
linearity within the system. For simplicity, we omit the
pumping fields and the loss of the fields and assume that
the oscillator is in its ground state. In Fig.3a, c1 is
in coherent state |α〉 (α = 0.1) , and the mode c2 is
initially in Fock state |1〉. If the system contains the
cross- Kerr nonlinearity with the term η1cˆ
†
1cˆ1cˆ
†
2cˆ2, then
we will have e−iη1 cˆ
†
1
cˆ1cˆ
†
2
cˆ2t|α, 1〉c1,c2 = |αeiη1t, 1〉 , the
c1 mode acquires a phase. When the phase equals to
pi, a two-photon controlled-phase gate is naturally im-
plemented, from which a CNOT gate can also be eas-
ily constructed [31, 32]. Performing quadrature operator
x = c1 + c
†
1 measurement by the homodyne apparatus,
we know 〈x〉 = 2α cos η1t . Employing the Hamiltonian
Hˆ = Hˆaff1 + Hˆfo2, we plot 〈cˆ†1cˆ1〉 ,〈cˆ†2cˆ2〉, 〈Xc1〉 and
〈Xc2〉 in Fig.3. We see that the photon number almost
keeps unchanged but 〈x〉 oscillates with cosine function.
In addition, the frequency of cosine function increases
with the increasing of N (see Fig.3a), that is to say, the
strength of the cross-Kerr nonlinearity enhances with the
increasing of N . For both of the quasi-mode initially
in coherent state, Fig.3b shows that the periods of the
oscillation of 〈Xc1〉 and 〈Xc2〉 have nothing to do with
different initial coherent state, only the amplitudes are
affected by the coherent states. Although we plot the
figure from Hˆ = Hˆaff1 + Hˆfo2, one can clearly see that
cross-Kerr nonlinearity do exist in the two-mode optome-
chanical system.
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FIG. 4: (Color online) The QND of photon number as well as
phonon number. The QND of NC2 via detection of NC1 (a)
where ε1 = 23g1, ε2 = 62g1, and the QND of phonon number
Nb via detection of NC1 (b) where ε1 = 31g1, ε2=ε1 tan θ,
nth = 4. For both of the figures κ1 = 200piKHz, κ2 = 0.01κ1,
γ
m
= 0.001κ1, N = 320 (dashed line), 380 (solid line), and
the other parameters are the same with Fig.2.
We now discuss the QND of photon and phonon num-
6ber via detecting the photon number of c1. In Fig.4a,
initially there is a single photon in mode c2, c1 is in
vacuum state, and the phonon is in thermal state with
T = 42µK. In order to perform QND in mode c2, we
need a weak classical driving field to compensate the loss
of the cavity so as to keep the single photon, and we also
need a little bit strong driving field to pump mode c1. Be-
cause of the detection of mode c1, we have assumed that
the loss of mode c1 is larger than that of c2 and phonon
mode. For the case cosθ ≈ 1 in the present parameter
region, the above condition by assuming κ1 ≫ κ2 can be
realized. Fig.4a clearly shows us that after a period of
time evolution, the photon number of mode c1 and c2 are
equal, which means that the leaking-out photon number
of mode c1 is exactly equal to that of mode c2; thus we
can perform QND of c2 by detecting c1. If we want to
detect phonon number, we need the phonon excitations
which can be obtained by employing the thermal field.
Fig.4b displays that under appropriate condition, the
QND of phonon number also can be performed by detect-
ing the same mode c1, where we assume that the mode
c1 and c2 are both initially in vacuum state, the phonon
mode is in thermal state with T = 42µK, and the mode
c2 is not driven under the condition ε2 = ε1 tan θ. From
Fig.4, we conclude that two initial independent bosonic
modes finally acquire identical intensity after evolution,
which is the so called synchronization. In addition, the
number of atoms does affect the behavior of synchroniza-
tion. For less number of atoms, the time of evolution to
achieve synchronization is longer than that with more
atoms. Comparing dashed line (N = 320) with solid
line (N = 380), we can clearly observe it. Thus, the
number of atoms do modulate the nonlinearity. We can
enhance the nonlinear strength by increasing the number
of atoms in the present region of parameters. As we know
that nonlinear interaction is necessary for the emergence
of synchronization [39, 40]; therefore, we can safely say
that the cross-nonlinearity within the present scheme re-
ally can offer us QND photon and phonon numbers.
During the review process of the paper, we read the
related works [41, 42]. For strongly driven optomechani-
cal system, they included the nonlinear interaction term
usually omitted by most works and shown that intrinsic
nonlinear are observable even with a relatively weak op-
tomechanical coupling. Different from [41, 42], we discuss
the weakly driven and weak coupling condition, we do not
employ the so called linearized optomechanics. Most im-
portantly, we put forward an alternatively scheme to en-
hance the cross-Kerr nonlinearity via atomic coherence.
IV. CONCLUSION
We put forward a scheme employing atomic coherence
to enhance the nonlinearity of optomechanical system.
When the atoms interact with the two mode fields with
large detuning condition, we adiabatically eliminated the
degree of atoms. For weak coupling among the two mode
fields and the mechanical resonator, we derived the ef-
fective Hamiltonian and shown that the nonlinear coeffi-
cients can be enhanced by increasing the number of atoms
at certain range of parameters. We also numerically
studied the nonlinearity enhancement beyond the effec-
tive Hamiltonian. Furthermore, we investigated the po-
tential quantum nondemolition measurement of bosonic
mode. Our results show that the present system exhibits
synchronization, and the nonlinear effects provide us a
means in performing QND.
As to the realizability in experiment, we do not de-
mand the strong coupling of atoms with the cavity, for ex-
ample, our parameters satisfy g1 ≪ κ1, g2 ≈ κ2. We also
do not require strong coupling between the cavity fields
and the mechanical resonator, and one can easily check
that the so called strong coupling condition G2 > κωm is
not meet. Although the above strong coupling conditions
are achievable, the loosening of the coupling conditions
7is more realizable and is still valuable.
Acknowledgments
Acknowledgments: Ling Zhou,Jiong Cheng and Yan
Han are supported by NSFC (Grant Nos.11074028).
Weiping Zhang acknowledges the support of NSFC
(Grant Nos. 10828408, 10588402), the National Basic
Research Program of China (973 Program) under Grant
No. 2011CB921604. All authors thank Open Fund of the
State Key Laboratory of Precision Spectroscopy, ECNU.
[1] D. Vitali, S. Gigan, A. Ferreira, H. R. Bohm, P. Tombesi,
A. Guerreiro, V. Vedral, A. Zeilinger, and M. As-
pelmeyer, Phys. Rev. Lett. 98, 030405 (2007); C. Genes,
A. Mari, P. Tombesi, and D. Vitali, Phys. Rev. A. 78,
032316 (2008).
[2] S. G. Hofer, W. Wieczorek, M. Aspelmeyer, and K. Ham-
merer, Phys. Rev. A 84, 052327 (2011); M. J. Hartmann
and M. B. Plenio, Phys. Rev. Lett. 101, 200503 (2008);
U. Akram, W. Munro, K. Nemoto, and G. J. Milburn,
Phys. Rev. A 86, 042306 (2012).
[3] J. Zhang, K Peng, and S. L. Braunstein, Phys. Rev. A
68, 013808 (2003).
[4] L. Zhou, Y. Han, J. T. Jing, and W. P. Zhang, Phys.
Rev. A 83, 052117 (2011).
[5] Z. J. Deng, Y. Li, M. Gao, C. W. Wu, Phys. Rev. A 85,
025804 (2012); A. Nunnenkamp, K. Borkje, S. M. Girvin,
Phys. Rev. A 85, 051803(R) (2012).
[6] A. Mari and J. Eisert, Phys. Rev. Lett. 108, 120602
(2012).
[7] Y. Li, L. A. Wu, and Z. D. Wang, Phys. Rev. A 83,
043804 (2011).
[8] A. D. O’Connell, et. al., Nature 464, 697-703 (2010).
[9] J. D. Teufel, et. al., Nature 475, 359-363 (2011).
[10] G. S. Agarwal and S. M. Huang, Phys. Rev. A 81,
041803(R) (2010).
[11] Y. Han, J. Cheng, and L. Zhou, J Phys B 44, 165505
(2011).
[12] Y. Han, J. Cheng, L. Zhou, Eur. Phys. J. D 67, 20 (2013).
[13] T. Qi, Y. Han, L. Zhou, J. Mod. Opt., 60, 431 (2013).
[14] S. Weis et al, Science 330, 1520 (2010).
[15] K. Stannigel, P. Rabl, A. S. Sorensen, P. Zoller, and M.
D. Lukin, Phys. Rev. Lett. 105, 220501 (2010).
[16] C. Zhao et. al., Phys. Rev. A 84, 063836 (2011).
[17] A. Imamoglu, H. Schmidt, G. Woods, and M. Deutsch,
Phys. Rev. Lett. 79, 1467 (1997).
[18] H. Schmidt and A. Imamoglu, Opt. Lett. 21, 1936 (1996);
A. Imamoglu, H. Schmidt, G. Woods, and M. Deutsch,
Phys. Rev. Lett. 79, 1467 (1997).
[19] T. Opatrny and D.-G. Welsch, Phys. Rev. A 64, 023805
(2001).
[20] M. J. Hartmann and M. B. Plenio Phys. Rev. Lett. 99,
103601 (2007).
[21] L. Zhou, Z. J. Liu, W. B. Yan and Q. X. Mu, Chinese
Phys. B 20, 074205 (2011).
[22] Z. R. Gong, H. Ian, Y. X. Liu, C. P. Sun, and F. Nori,
Phys. Rev. A 80, 065801 (2009).
[23] M. Ludwig, A. H. Safavi-Naeini, O. Painter, and F. Mar-
quardt, Phys. Rev. Lett. 109, 063601 (2012).
[24] P. Rabl,Phys. Rev. Lett. 107, 063601 (2011).
[25] A. Nunnenkamp, K. Bφrkje, and S. M. Girvin, Phys.
Rev. Lett. 107, 063602 (2011).
[26] R. Tahira, M. Ikram, H. Nha, and M. S. Zubairy, Phys.
Rev. A 83, 054304 (2011);M. O. Scully, Phys. Rev. Lett.
55, 2802 (1985);M. O. Scully and M. S. Zubairy, Quan-
tum Optics (Cambridge University Press, Cambridge,
UK, 1997).
[27] D.W. C. Brooks, T. Botter, S. Schreppler, T. P. Purdy, N.
Brahms, and D. M. Stamper-Kurn, Nature (London)488,
476 (2012).
[28] D. F. V. James and J. Jerke, Can. J. Phys. 85, 625 (2007).
[29] W. J. Munro, K. Nemoto, R. G. Beausoleil, and T. P.
Spiller, Phys. Rev. A 71, 033819 (2005).
[30] C. C. Gerry, A. Benmoussa, and R. A. Campos, Phys.
Rev. A 72, 053818 (2005).
[31] Q. Lin and J. Li, Phys. Rev. A 79, 022301 (2009).
[32] X. W. Wang, D. Y. Zhang, S. Q. Tang, L. J. Xie, Z. Y.
Wang, and L. M. Kuang, Phys. Rev. A 85, 052326 (2012).
[33] Q. Guo, J. Bai, L. Y. Cheng, X. Q. Shao, H. F. Wang,
and S. Zhang, Phys. Rev. A 83, 054303 (2011).
[34] D. Vitali, M. Fortunato, and P. Tombesi, Phys. Rev.
Lett. 85, 445 (2000).
[35] B. He, M. Nadeem, and J. A. Bergou, Phys. Rev. A 79,
035802 (2009).
[36] F. Wang, X. M. Hu, W. X. Shi, and Y. Z. Zhu, Phys.
Rev. A 81, 033836 (2010).
[37] S. Ya. Kilin and A. B. Mikhalychev, Phys. Rev. A 83,
052303 (2011).
[38] Y. B. Sheng, L. Zhou, S. M. Zhao, and B. Y. Zheng,
Phys. Rev. A 85, 012307 (2012).
[39] G. Heinrich, M. Ludwig, J. Qian, B. Kubala, and F. Mar-
quardt, Phys. Rev. Lett. 107, 043603 (2011).
[40] A. Mari, A. Farace, N. Didier, V. Giovannetti, and R.
Fazio, arXiv:1304.5925v1.
[41] K. Børkje, A. Nunnenkamp, J. D. Teufel, and S. M.
Girvin, Phys. Rev. Lett. 111, 053603 (2013).
[42] Marc-Antoine Lemonde, Nicolas Didier, and Aashish A.
Clerk, Phys. Rev. Lett. 111, 053602 (2013).
